The performance of ten high-flow Bird blenders (3M Company) was assessed to ascertain the stability of the oxygen delivery both over time and within a single respiratory cycle. Blended oxygen concentrations were assessed for both continuous low flow and for intermittentflow with variable tidal volumes as is seen with mechanical ventilation. Studies were repeated after the addition of a high flow bleed from the blender via a T-piece. We observed clinically significant variations in the oxygen concentrations delivered by several blenders when the relationship between air and oxygen supply pressures varied. This variability was greatest when the air and oxygen pressures were nearly equal. When the line pressures were stable, mixed oxygen concentrations were constant but variations in oxygen delivery were found within individual breath cycles. This could be explained by postulating that at the initiation of flow from the blender a small pocket of unblended gas (pure air or pure oxygen) was issued by the blender before the balancing mechanism stabilised to deliver the desired oxygen concentration. This variability of oxygen delivery may have considerable impact on the measurement of oxygen consumption using the open circuit technique. The addition of a high flow bleed completely ablated this blenderderived variation in oxygen delivery.
produce errors in measured oxygen consumption (calculated using Haldane equation) of 35% at an FI02 of 0.60. 1 There have been previous reports of fluctuating FI02 using a number of different blenders during pulsatile gas flow. [8] [9] [10] Although not clinically significant, this instability results in substantial inaccuracies in the measurement of oxygen consumption using the open circuit technique. We have observed a similar instability in FI02 in clinical practice using the external Bird High-Flow blender and so undertook a study to quantitate this instability and to identify its cause.
MATERIALS AND METHODS The performance of Bird High-Flow blenders (model no. 5100, 3M Corp., Palm Springs, Ca) was assessed under two sets of conditions. Initially, in the presence of an unstable wall air supply, three randomly selected blenders were tested (series A) and (420 ± 3 kPa).
1. Delivered FI02 at a continuous 2 l.min-I flow (using a T-piece and CIG 0-16 l.min-I oxygen flowmeter on the outlet of the blender) was analysed, with the blender set to deliver a nominal FI02 of 0.40 and oxygen and air supply pressures being measured simultaneously. (Note that this is outside the specified flow range for the blender, which is 15-150 l.min-I ; the aim was to understand the blender's behaviour during the transition from zero to high-flow conditions.) 2. Delivered F102 was measured during a controlled ventilation flow pattern using a Servo 900C ventilator (Siemens-Elema) with a set of test lungs attached. FI02 analysis was performed from a mixing chamber attached to the expiratory port of the ventilator. Wall gas pressures were measured simultaneously. This analysis was also performed after the addition of a 40 l.min-I bleed (using aT-piece and a Platon 0-100 l.min-I rotameter on the outlet ofthe blender). The ventilator was set to deliver a minute ventilation of7litres at a rate of 20 breaths minute-I. The blenders were set to deliver a nominal FI02 of 0.40. Oxygen Supply Pressure: 59 ± 0.5 Ib.in-2 (406 ± 3 kPa).
3. Experiment 2. was repeated. 4. Using the inspiratory limb of a patient tubing set attached to the inspiratory outlet of the Servo 900C ventilator, the FI02 was analysed at the level of the patient Y -piece. A 0.5 metre length of tubing with a one-way valve on the end was incorporated downstream of the oxygen analyser to prevent entrainment of ambient gas ( Figure 1 ). The ventilator was preset in a controlled ventilation mode to deliver 7.0 l.min-I and the respiratory rate was varied to deliver a range of tidal volumes between 200 ml and 1200 ml. The blender was set to deliver a nominal FI02 of 0.40. The experiment was repeated in the presence of a 40 l.min-I bleed.
Supply gas pressure were measured using a Barksdale Pressure transducer (model 30 1 H2-04cg-04-J) which has an accuracy of ± 0.5% of full scale (0-100 Ib.in-2 ) and a resolution (with a Graphtec Linearcorder Mark VII Chart recorder) of 0.5 Ib.in-2 • FI02 was measured using an IL 404 polarographic oxygen analyser (Instrument Laboratories Lexingham MA.) attached to digital voltmeter. All measurements were plotted continuously on the chart recorder. The oxygen analyser was found to have an accuracy of ± 0.004 and a resolution with the voltmeter of 0.001. 
Series A Experiment 1 RESULTS
A cyclic variation in air supply pressure of 7-8 Ibjn-2 was recorded while oxygen supply pressure was essentially stable. Large fluciuaiions in measured FI02 were observed when the air and oxygen pressures were most nearly equal. A typical plot of FI02 over time is depicted in Figure 2 .
Experiment 2
A typical plot is depicted in Figure 3 . Wide variations in measured Fr02 were observed during controlled ventilation with the variation in Fr02 ranging between 0.36 and 0.44 for the three blenders studied. The addition of a 40 l.min-I bleed totally eliminated all variations in FI02.
Series B Experiment 3
No variation in measured Fr02 was observed with controlled ventilation. The addition of a high-flow bleed, however, altered the measured Fr02 substantially. A typical plot is depicted in Figure 4 . For the ten blenders assessed this variation averaged 0.02 (range 0.005-0.048) Experiment 4
Several troughs in measured FI02 were recorded as tidal volume was varied ( Figure  5 ). The siting of these troughs in relation to tidal volume was idiosyncratic for each particular ventilator. The maximum depth of the trough for the ten blenders assessed averaged 0.021 (range 0.015-0.032). The addition of a high-flow bleed totally eliminated all variations.
DISCUSSION
This study was stimulated by the observation of substantial variations in the FI02 as measured by the inbuilt oxygen analyser of the Siemens 900C ventilator. The variations seemed sporadic and unrelated to any change in the ventilator settings. Initial assessments during series A indicated that the fluctuations in FI02 corresponded in time with substantial fluctuations in the wall air pressure and appeared to be maximum at low flows and at times when the air and oxygen supply pressures were most nearly equal. Variations in delivered FI02 during mechanical ventilation were clinically significant and could be totally ablated by the addition of a high-flow bleed from the blender. The air pressure fluctuations were eventually attributed to a faulty air pressure regulator on the hospital's compressor which was repaired. This enabled subsequent assessments (Series B) in the presence of stable air and oxygen pressures, which would be Anaesthesia and Intensive Care. Vol. 17, No. I. February, 1989 similar to those in any hospital with a well maintained compressed air supply. The results from series A are reported here because they fortuitously demonstrate that blender performance is worst when the air and oxygen pressures are most nearly equal, a situation for which most hospital maintenance departments would aim.
Stabilisation of the air pressure totally corrected the variations in FI02 during mechanical ventilation. However, the addition of a high-flow bleed resulted in a substantial increase in delivered FI02 ( Figure  4) . It is our hypothesis that this was related to the pressure balancing mechanism of the blender, which, during the transition from zero flow to high flow, might be delivering a small pulse of unblended gas. The pressure balancing mechanism in the Bird High-Flow blender consists of two stages each containing a poppet attached to a membrane ( Figure 6 ). The inlet gas line with the higher pressure (say 02) pushes the poppet across until it occludes this higher pressure gas inlet sufficiently to balance the pressures. The second stage improves the balancing. When there is no gas flow through the blender, the poppet is pushed over until the high pressure side is completely occluded. At the initiation of gas flow, gas is supplied excessively from the low pressure side until the poppet has had time to reach the balance position again (Figure 7 ). If the gas supply pressures happen to be nearly equal, then the driving force to restore the poppet to its balance position is less and so the sIze of the bolus of air is greater. (If the supply pressures were exactly equal, then the poppet would not be driven to one side during the no-flow period, and so there would be no bolus.) The existence of a bolus of unblended gas should be detectable by placing an oxygen analyser in the inspiratory limb of the ventilator circuit while the delivered tidal volume is varied. This allows the pocket of gas to be manipulated to sit over the oxygen analyser during expiration. This was confirmed in the fourth series of experiments. The position of the first trough in relation to tidal volume ( Figure 5 ) was idiosyncratic for each ventilator with the trough corresponding to a tidal volume equal to the volume of gas between the blender and the analyser, so that with each breath, a bolus of air moves from the blender to the analyser. The second trough occurs when the tidal volume is one-half the volume of gas stored in the tubing between the blender and the analyser, so that two tidal volumes are required to move the bolus of air from the blender to the analyser; the third at one-third the volume and so on. The tidal volume at which the primary trough appears should relate directly to the volume of gas between the oxygen analyser and the blender and will vary in different ventilators with different lengths of gas supply tubing. The addition of a high-flow gas bleed totally corrected this FI02 variation by eliminating the transition phase at the initiation of pulsatile flow during which the blender changes from a zero flow situation to one of high flow.
Large variations in FI02 as seen during series A may be clinically significant as they may expose patients intermittently to the risks of hypoxaemia or oxygen toxicity. The smaller variations in FI02 observed during series B may be of little clinical significance but will totally invalidate the measurement of oxygen consumption and hence metabolic rate. The problem clearly relates to the use of high-flow blenders with pulsatile gas flow and is completely corrected by the application of a high-flow gas bleed from the blender. It should be #emphasised that during series B, the air and oxygen pressures differed by 2 lb.in-z . If the two had been equal even though stable, larger variations in FI02 would have occurred. Since most hospital maintenance departments would aim to have the pressures equal, it is highly likely that this situation occurs in other hospitals, and that clinically significant FI02 variations occur. Note that these are not faulty blenders; the problem is inherent in the blender design. In fact, Bird in their latest blenders incorporate a bleed for low-flow and pulsatile flow situations. Some of these characteristics of high-flow blenders have been previously reported. 8 • 9 This, however, is the first report which clearly characterises the problem, demonstrates the effect of variations in gas supply pressures on blender function and proposes a simple and effective solution. Two recommendations can be made: first, that air and oxygen supply pressures be maintained at between 2 and 5Ib.in-z (14-34 kPa) apart, rather than equal; and second that oxygen consumption measurements be made in the presence of a high-flow bleed from the blender.
